Experimental results show the effectiveness of proposed algorithm and demonstrate the algorithm is superior to compared algorithms on detection probability and false alarm probability.
INTRODUCTION
IR dim target detection is a common and key technology for infrared search and track systems, precise guidance systems, infrared surveillance systems and satellite remote sensing systems. Methods of infrared dim target detection can be classified into two categories [1] : the detection based on single frame and the detection based on sequential frames.
The traditional single frame detection method is based on image filtering, such as high-pass filters, morphological operators. These algorithms either use the target's characters to detect the dim target directly or to estimate the clutter background for target enhancement. However, these algorithms suffer from a high false alarm rate caused by low SNR of infrared images. Recently, many researchers make efforts to suppress the image noise and improve the algorithm performance, such as multi-scale new white tophat transformation (MNWTH) algorithm [2] , Laplacian of Gaussian (LoG) filter [3] , [4] and local contrast measure (LCM) algorithm [5] , [6] based on contrast mechanism. All mentioned single algorithms improve the detection probability, but the false alarm probability is still poor when the SNR is low.
The sequential detection method deals with images with a lower SNR, such as hypothesis testing [7] and energy acaccumulation [8] , [9] . The method declares the presence of the target after a number of frames are jointly processed. Energy accumulation technology for dim target detection is employed not only in IR system, but also in radar system [10] and optical system [11] . Because of the continuity and regularity of moving targets, this kind of algorithms can accumulate target energy along target's trajectory. The energy accumulating process increases the effective target energy while reducing the received noise simultaneously. The improvement of the detection performance is based on the SNR gain, which is obtained from integration of the energy along target's trajectory. Unfortunately, like Zhang's [8] and Pan's [11] algorithms, they don't consider the precise target movement model and the algorithms can't accumulate the target's energy sufficiently. Therefore, the effectiveness is greatly reduced.
The target movement model with constant velocity is employed in our previous work [12] , and an effective detection performance has been achieved. In this work, the target movement model is extended to constant acceleration. An IR dim target detection algorithm based on radiation accumulation is proposed. Moreover, the algorithm can also predict target's location and motion states.
The rest of the paper is structured as follows. In Section II, the target and observation models are briefly presented. In Section III, the proposed algorithm is described in detail. Experimental results are presented in Section IV. Finally a conclusion is given in Section V.
II. TARGET AND OBSERVATION MODELS
Due to far imaging distance, the imaging of remote targets is affected by atmospheric refraction, dispersion, optical defocusing, lens aberration, diffraction, and deformation of mirror [3] . The image, which is captured by IR detectors, is often characterized by low contrast and low SNR. The size of the dim small target in the image is only several pixels with regularity. Usually, a parametric target model of point spread function is used to represent the target in imaging plane. The target model is defined as n n n n s n n I τ τ
where s represents the target intensity; p I is the peak intensity; ( , ) g n n n s n n n b n n n w n n n
where ( , , )
x y t g n n n is gray value of the pixel in frame t n and location ( , )
x y n n . ( , , )
s n n n represents a target and its gray value is assumed to be constant within a short time. Here, the peak intensity p I is employed to express the value. ( , , ) w n n n is the measurement noise in images.
After research the IR noise characters, Chen [13] get a conclusion that the noise, within the short-term and local window, can approximately be thought of temporal and spatial stationary Gaussian noise. Besides, the noise in pixels of IR image is also independent since every pixel has an independent signal generating circuit. Consequently, the noise in IR images is independent and identically distributed and they approximately subject to Gaussian distribution. The IR noise characters are theoretical basis of radiation accumulation. Here we assume it subject to
III. PROPOSED ALGORITHM

A. Location Space and Motion Space
A dim target moves in a 3D temporal-spatial coordinate system. If it is projected onto a 2D spatial coordinate system, namely image plane, motion of the dim target manifests as changes of spatial coordinate. Unfortunately, there is no information about target's spatial coordinate. To en-sure there is no target omission, each coordinate position must be checked. Therefore, a vector set, which is comprised by all possible spatial coordinates of the target, is established as { | ( , ),
where M and N are the maximum of row and column in the image plane respectively, and Z denotes the set of integers.
Then, we define that all vectors in R constitute a 2D location space R S .
For a rectilinear-motion target with constant acceleration, three physical quantities, namely initial velocity, acceleration and direction of motion, can determine its precise trajectory. The SNR improvement is achieved by accumulating the target's energy along its trajectory. However, none of the physical quantities is known. Therefore, all possible combinations of the three quantities should be checked. In consequence, a vector set, which is created by the three physical quantities, must be established.
Firstly, the vector set of initial velocity is established as min max { | ( cos , sin ),
where ρ is the magnitude of initial velocity. 
where a is the magnitude of acceleration. Its maximum and minimum are max a and min a ， respectively. Its unit is 2 / pixel frame .
Finally, the vector set, which is comprised by initial velocity, acceleration and direction, is established as
Then, we define that vectors inU constitute a 3D motion space U S .
B. Dim Target Radiation Accumulation
Assuming that the image sequence to be detected is arranged chronologically, we define the image sequence as the original image space F.
where f N is the frame number of the image sequence. Radiation accumulation process is expressed by Eq. (8) and Eq. (9). 
At this point, considering target-background-noise model in Eq. (2), we can express SNR of f and ideal improved SNR of av f , respectively, as
where μ is the mean gray value of the background. T is the measurement value in the target region. We can get a conclusion from Eq. (11) that radiation accumulation along the target's precise trajectory can achieve SNR f N times higher than that of no operation.
C. Effect of Motion Space Sampling
Step on Snr Gain For a dim target, which has a linear motion trajectory with constant acceleration, the temporal-spatial intensity distribution can be represented by 2 ( , ) ( 2, ) 
In order to observe the effect of ( , , ) a ρ θ Δ Δ Δ on η , we plot how that η changes as a function of ρ Δ , a Δ , and θ Δ in Fig. 1 , respectively. Several significant features are evident in Fig. 1 . First, the SNR gain generally decreases with increasing of the discrete step. Second, the higher the number of frames the faster that the SNR gain decreases. Third, a slightly mismatch of initial velocity, acceleration and direction can also improve the SNR gain. The third point is one of foundations of the space local extremum in section 3.5. 
D. CFAR Judging
For images in av F , the noise variance becomes 2 / f N σ . Thus a binary probability hypotheses is expressed as
where hypothesis 0 H is the background noise. 1 H is the target, and g is the measurement.
Given a desired permissive constant false alarm probability FA P α = , we can provide the express of FA P under the binary probability hypotheses:
where γ is the detection threshold, and
Meanwhile, theoretical detection probability is acquired. 
where Ω is the neighborhood of ( , )
x y n n and ( , ) δ ⋅ ⋅ is the unit impulse function.
E. Targets Confirmed and Space Inversion
The CFAR judging operation is defined as Φ in this paper. Location vectors and motion vectors, which are acquired by the operation, can be described as
The operation that mapping R′ and U ′ to R S and U S respectively, is defined as Ψ , then : , 
On the basis of the local extremum in two spaces, a conclusion, that a real target exists, is obtained. Furthermore, the inversion method can be used to determine the target's coordinate in the original image space. The space inversion process is described as , (23) where L is the target's coordinate set in the original image space. Thus far, the algorithm process is all introduced. The block diagram of the proposed algorithm is shown in Fig. 2 . Table I . All experimental data of this section are captured by the IR detector. 
A. Detection results of the proposed algorithm
In order to validate the detecting performance of the proposed algorithm, we use the algorithm to process the captured sequence images. The local SNR of the processed images approximates to 1.12. Detection results are shown in Fig. 3 below. Fig. 3(a) is one frame of the image sequence. Fig. 3(c) displays the local extremum in the location space. Fig. 3(d) displays the local extremum in the motion space. Fig. 3(b) is the detection result. The local SNR in the processed images becomes 2.54. Magnified images in Fig.  3(a) and Fig. 3(b) are local images of the dim target with contrast stretching. The comparison of two magnified images in Fig. 3(a) and Fig. 3(b) show that the noise is suppressed by the algorithm. Experiment results show that the SNR has been effectively improved and the proposed algorithm has detected a target accurately. Meanwhile the precise coordinate, velocity, acceleration and direction information of the target are acquired. 
B. Experimental Comparison
To reveal the advantages of the proposed algorithm, we compare it with other three IR dim target detection algorithms, including MNWTH algorithm, Zhang's algorithm, and Han's ILCM algorithm. Three sequences, whose average SNR is different, are captured in this experiment. The receiver operator characteristic (ROC) curve is applied for three selected sequences, i.e., for each algorithm, set its threshold to different values and draw the relationship between true detection probability d P defined in (24) and true false alarm probability fa P defined in (25). The figures are shown in Fig. 4 . From the figure, we can see that in most cases, proposed algorithm can achieve the highest d P for a same fa P . This finding indicates that the performance of our algorithm is more stable for different SNR backgrounds compared with that of the other algorithms.
Quantity of true targets detected in images 100% Quantity of true targets existing in images
Quantity of false targets detected in images 100% Quantity of targets detected in images 
V. CONCLUSIONE
Based on the radiation accumulation technology, an effective IR dim target detection algorithm is proposed. In the work, the movement model of the dim target limited by uniform motion is extended to constant acceleration. Experimental results show that the algorithm can detect dim targets in low SNR images precisely and predict the target's states. Compared with other algorithms, proposed algorithm displays the higher detection probability with the same false alarm probability.
In this paper, the proposed algorithm aims at the rectilinear motion dim target with constant acceleration. Complicated motion of the target within a short time can be approximated by using a simple regular movement. The effective implementation of the proposed algorithm will lay the common and methodological foundation for studying the curvilinear motion dim target in the next stage.
